Background: ␣B-crystallin is an ATP-independent chaperone that prevents irreversible protein aggregation. Results: Cu(II) binds to the core domain of ␣B-crystallin, induces increased dynamics at the dimer interface, and thus modulates the anti-aggregation properties of the chaperone.
the envelope of a 24-mer with tetrahedral symmetry (16) . Recently, solid-state magic-angle-spinning (MAS) NMR enabled structural studies of full-length ␣B and provided insights into the oligomeric architecture of ␣B (15, 17, 18 ). In all atomic-level structures, the ACD folds into a ␤-sandwich structure comprising the two sheets ␤8-␤9-␤3-(␤2) and ␤4-␤5-␤6 ϩ 7 (Fig. 1B) . The structurally variable ␤2 strand was refined only for two of five molecules in the asymmetric unit (13) . Two monomers align in an anti-parallel fashion along the ␤6 ϩ 7 strands and form an extended ␤-sheet (bottom sheet). The dimer interface has been termed the "AP" (anti-parallel) interface (14) . A shared groove is located above the AP interface, which appears to be polymorphic, because three different alignment registers were observed (13, 14) . An extensive network of ionic interactions spans the interface. This network involves charged residues of the strands ␤3 and ␤4, as well as ␤5 and ␤6 ϩ 7 and the intervening loops. Notably, the conserved Arg 120 of one monomer is involved in a bidentate ion pair with Asp 109 of the neighboring molecule. The missense mutation R120G causes an increase of the oligomeric size and a decrease in chaperone efficiency in vitro (19) . Co-precipitates of desmin and ␣B-R120G are found in cardiac muscle tissue of patients suffering from desmin-related cardiomyopathy (11) .
The dimeric substructure represents the building block of higher order oligomers (17, 18) . Due to dynamic subunit exchange, the resulting ␣B ensemble is consequently heterogeneous. The intrinsic subunit exchange and domain dynamics have been shown to be essential for ␣B chaperone activity (20 -22) . Intriguingly, divalent metal ions like Cu(II) and Zn(II) can act as modulators of this chaperone property (23) (24) (25) . It was shown recently that ␣B can coordinate Cu(II) with a picomolar affinity, whereas the interaction with other divalent metal ions is significantly weaker (26) . Cu(II) affects the secondary structure and oligomeric size of ␣B (26, 27) . Furthermore, ␣B is able to reduce Cu(II)-mediated formation of reactive oxygen species, thereby conferring cytoprotection to cells under conditions of oxidative stress (26) .
By using solution-and MAS solid-state NMR spectroscopy, we demonstrate here how Cu(II) interacts with ␣B. Cu(II)-induced broadening of the oligomeric ensemble of ␣B is accompanied by enhanced chaperone activity. Similar to full-length ␣B, the excised ACD (residues 64 -152) shows picomolar binding affinity with respect to Cu(II). Each ACD binds one Cu(II) ion at the outer edge of the AP interface. Cu(II) is coordinated in the loop regions connecting the strands ␤3 and ␤4 as well as ␤5 and ␤6 ϩ 7, involving residues His 83 , His 104 , His 111 , and Asp 109 as potential ligands. Coordination of Cu(II) consequently competes with the intermolecular ion pair between Asp 109 and Arg 120 affecting the monomer-dimer equilibrium. Furthermore, Cu(II) binding triggers structural reorganization of ␤2-␤3, which is of importance for dimer-dimer contacts in full-length ␣B (17, 18, 28) . Therefore, the metal ion Cu(II) potentially alters quaternary dynamics of both the dimeric subunit and the higher order assemblies of ␣B.
EXPERIMENTAL PROCEDURES
Cloning of Constructs, Protein Expression, and PurificationExpression and purification of human, full-length ␣B (UniProt accession code: P02511) was performed as described elsewhere (29) . Cloning of the truncated construct ␣B10m (␣B residues 64 -152) was accomplished similarly to the procedure already described for full-length ␣B (29) . The following PCR primers were used: CGTGGCCAGCATATGGGACTCTCAGAGAT-GCGCCTGG (forward-primer), CGCCTTCCATGGCTAGA-CCTGTTTCCTTGGTCCATTCACAGTG (reverse-primer). The obtained vector mod.pET30-␣B10 was subject to the QuikChange site-directed mutagenesis protocol (Stratagene) to generate the point mutant ␣B10-N146D (␣B10m). The vector mod.pET30-␣B10m in turn was used to introduce further point mutations. All constructs were verified by DNA sequencing.
␣B10m and its variants were expressed in Escherichia coli BL21-DE3 cells for 4 h at 37°C in LB medium (unlabeled protein) or 16 h at 22°C in M9 minimal medium (uniformly 13 C, 15 N-labeled protein). Due to the high susceptibility toward proteolysis, all purification steps were performed in the presence of Complete protease inhibitor mixture (Roche Applied Science). The following buffers were used: 50 mM Tris-HCl, pH 8.5, 1 mM EDTA (buffer A); buffer A, 1 M sodium chloride (buffer B); 50 mM Tris-HCl, pH 7.5, 50 mM sodium chloride, 1 mM EDTA (GF buffer); and 50 mM sodium phosphate, pH 7.5, 50 mM sodium chloride (PBS buffer). After cell lysis and subsequent centrifugation, the filtered lysate in buffer A was loaded onto a DEAE-Sepharose anion-exchange column. ␣B10m was eluted with a stepwise gradient of buffer B. The ␣B10m fraction was pooled and subject to Q-Sepharose anion-exchange chromatography. Finally, the ␣B10m fraction was pooled and loaded onto a Superdex-75 gel-filtration column with ␣B10m eluting in GF buffer as a well separated and symmetrical peak. SDS-PAGE confirmed Ͼ98% purity of the ␣B10m pool, which was dialyzed against PBS buffer and concentrated to 1.1 mM. Aliquots were flash-frozen in liquid nitrogen and stored at The conserved ␣-crystallin domain (ACD) is flanked by variable N-and C-terminal domains involved in multimer assembly. B, x-ray structure of the ␣B ACD dimer (residues 67-157) (13) . The two monomers are colored cyan and gray, respectively. ␤-Strands are labeled. Strands ␤6 ϩ 7 form the anti-parallel (AP) interface and an extended bottom sheet. The two top sheets (␤2-␤3-␤9-␤8) form a shared groove above the AP interface. The variable ␤2 strand is disordered in one of the two monomers.
Ϫ80°C. HSQC spectra of fresh and flash-frozen protein were found to be identical.
Dynamic Light Scattering-Dynamic light scattering measurements were performed on a ZEN3500 Zetasizer NanoZS instrument (Malvern Instruments) equipped with a 50-milliwatt laser operating at 532 nm. The instrument detects backscattering at an angle of 173°. Samples of ␣B (50 M) in PBS buffer were incubated with CuCl 2 , ZnCl 2 , and CaCl 2 at a 10-fold molar excess of the respective metal ion. After filtration (0.1 m), 20-l aliquots were measured at 25°C in quartz cuvettes built for small volumes. After temperature equilibration, three measurements were performed for each sample. Each measurement consisted of 60 runs with a duration of 5 s each, thereby accumulating scattering data for 300 s. All samples revealed monomodal size distributions for ␣B multimers. The hydrodynamic diameter D h and the polydispersity index Pd% were extracted from volume-weighted size distributions. Data analysis and estimation of molecular weights M w,est (supplemental Fig. S1C ), assuming a globular particle, was done using the software DTS 5.03 (Malvern Instruments).
Chaperone Activity Assay-The Zetasizer NanoZS instrument (Malvern Instruments) was used to follow light scattering during heat-induced aggregation of bovine ␤ L -crystallin (␤ L ). Final concentrations for the different components were as follows: 2 M ␤ L (Sigma-Aldrich); 0.5, 1, and 2 M full-length ␣B; 1 M CuCl 2 . Higher concentrations of CuCl 2 induced augmented aggregation of ␤ L . Lyophilized proteins and CuCl 2 were dissolved in PBS buffer and de-ionized water, respectively. Each sample of 40 l was incubated for 15 min at room temperature before measurement. Three runs (5-s duration each) were performed to measure the mean count rate of scattered light. After measuring the initial intensity at room temperature, the sample was heated to 60°C. The mean count rate was detected in 2 min intervals for a period of 30 min. Each experiment was performed in triplicate. Notably, ␣B is stable at 60°C in the absence and presence of Cu(II) giving rise to a constant baseline. The scattering intensities were normalized to the maximum intensity of the 2 M ␤ L sample in the absence of ␣B.
ICP-MS-For inductively coupled plasma mass spectrometry (ICP-MS) experiments, samples of ␣B and ␣B10m (80 M monomer concentration) in PBS buffer were incubated with CuCl 2 (160 M) for 2 h with constant shaking at room temperature. The samples were subsequently dialyzed overnight against a 2000-fold volume of PBS buffer. After dialysis, protein concentrations were quantitated. A 200-l sample solution was mixed with 1 ml of HNO 3 (65% v/v) and decomposed in a microwave labstation (Ethos Plus, Milestone Inc.) at 170 -210°C and 6 bars for 30 min. ICP-MS was performed by using an Element 2 ShieldTorch system instrument (Thermo-Fischer Scientific) in peak-hopping mode with spacing at 0.01 atomic mass units, three points per peak, three scans per replicate, and an integration time of 300 ms per point. The rate of plasma flow was 15 liters/min with an auxiliary flow of 0.9 liter/min and a blend gas flow rate of 0.1 liter/min. The radiofrequency (rf) power was 1.3 kW. The sample was introduced using a crossflow nebulizer at a flow rate of 1.02 liters/min. The apparatus was calibrated with a 6.5% HNO 3 solution containing copper and zinc at 1, 5, 10, 25, 50, 100, and 200 parts per billion with Rh-103 as internal standard for all isotopes. Samples were measured in triplicate.
ITC-Isothermal titration calorimetry (ITC) experiments were performed at 25°C employing a VP-ITC instrument (MicroCal Inc.). Protein samples were dialyzed against a 500-fold volume of PBS buffer, and protein concentrations were determined by measuring the absorbance at 280 nm in triplicate. The protein solutions were degassed for 10 min before use. To stabilize Cu(II) in buffered solution and to minimize nonspecific binding of Cu(II) in the titration experiment, we used Cu(Gly) 2 as a weak chelator (26) . The glycine solution was prepared by dissolving glycine in the corresponding buffer after dialysis. CuCl 2 was then dissolved in a 4-fold molar excess of glycine to ensure complete chelation of Cu(II). All solutions were prepared freshly. In the titration experiments 5-l aliquots of 2 mM Cu(II) were injected into the cell containing ␣B10m (110 M). A spacing time of 300 s was used. In control experiments (i) Cu(Gly) 2 was injected into buffer only and (ii) glycine was injected into the protein solution. Both experiments revealed very weak and constant heat changes that were subtracted from the binding isotherm of the ␣B10m-Cu(II) titration. The curve was then fitted to a one-site binding model using Origin (MicroCal Inc.). The first three data points were excluded from the analysis, because the binding isotherm revealed an initial endothermic contribution. This observation might arise from Cu(II)-induced dissociation of either dimers or higher oligomers. To account for the competition between protein and glycine for Cu(II) binding, the apparent dissociation constant K d ,app had to be corrected as described previously (26, 30) . Accordingly, the real dissociation constant K d for the respective Cu(II)-protein interaction was obtained as the product of K d ,app and the first dissociation constant of Cu(Gly) 2 (2.5 ϫ 10
Ϫ6 M).
MAS NMR Spectroscopy-Instead of precipitating ␣B with polyethylene glycol as published (15), we exploited the large molecular weight, and thus the intrinsic very slow molecular tumbling, of the ␣B oligomer to retard its rotational diffusion during MAS. The main advantage of this FROSTY MAS NMR approach is that the target molecule can be studied in solution (29, 31) . Sample conditions were as follows: 217 mg/ml uniformly 13 C, 15 N-labeled ␣B (ϳ10 mM monomer) in PBS buffer and 20% (v/v) glycerol. For the metal-␣B samples, CuCl 2 and ZnCl 2 were added to the ␣B solutions at a 3-fold molar excess. 40 l of the viscous protein solutions were filled into 4-mm MAS rotors. Samples were measured at a magnetic field strength of 16.4 teslas (T) (Bruker Biospin) and at an effective temperature of Ϫ5°C. MAS was performed at 12 kHz. Crosspolarization from 1 H to 13 C was accomplished with contact pulses of 0.8-ms duration. The rf field strengths were matched according to the n ϭ 1 Hartmann-Hahn condition considering the ramp (75-100%) that was used for the 13 C contact pulse (76 kHz ( 1 H), 56 kHz ( 13 C)). 1 H decoupling during indirect and direct evolution periods was performed with an rf field strength of 76 kHz. The PDSD mixing time was set to 50 ms. A recycle delay of 3 s was used. The acquisition times amounted to 10 ms for the indirect 13 C dimension and 12 ms for the direct 13 C dimension.
Metal Binding to the Molecular Chaperone ␣B-crystallin

JOURNAL OF BIOLOGICAL CHEMISTRY
VOLUME 287 • NUMBER 2 • JANUARY 6, 2012
Solution-state NMR Spectroscopy-Solution-state NMR experiments were performed at 22°C on 13 C, 15 N-labeled ␣B10m and variants at monomer concentrations of 1 mM in PBS buffer containing 10% D 2 O. NMR spectrometers (Bruker Biospin) with magnetic field strengths of 14.1 T and 17.6 T were equipped with cryogenically cooled probe heads. Data acquisition and processing were done using TopSpin 2.0 (Bruker Biospin); further data analysis and resonance assignments were performed using the software Sparky. 3 Backbone resonance assignment of apo-␣B10m and Cu(II)-␣B10m was accomplished by recording standard triple-resonance experiments (HNCA, HN(CO)CA, HNCO, and HN(CA)CO) (32) (33) (34) . All amide resonances were assigned for apo-␣B10m except that of Ser 139 . In titration experiments, CuCl 2 in de-ionized water was added stepwise to ␣B10m and its mutants, respectively. Signal intensities and chemical shifts were extracted from HSQC spectra in the absence and presence of Cu(II (35) . 15 N T 1 and T 2 relaxation rates were determined using standard pulse sequences with the following delays: 10, 50, 100, 150, 200, 300, 400, 600, 900, 2000, and 5000 ms (T 1 measurements) and 6, 10, 18, 26, 34, 42, 82, 122, 162, 202 , and 242 ms (T 2 measurements) (36) . Signal intensities were fitted with monoexponential decays, and relaxation rates were extracted. Rotational correlation times, c , for the protein core were obtained as described elsewhere (37) . Theoretical c values were estimated with the program Hydro-NMR (38) based on the x-ray structure of the ACD of human ␣B (13). The calculations were run for a temperature of 22°C and a viscosity of 0.011 Poise.
All the direct 13 C-detected experiments were recorded at 22°C on a 16.4-T Bruker AVANCE spectrometer, which was equipped with a cryogenically cooled probe head optimized for 13 C direct detection. For mapping 13 C chemical shifts, twodimensional CACO and CBCACO spectra (39, 40) were recorded on apo-, Cu(II)-, and Zn(II)-␣B10m (1 mM). For the apo-and the 1:1 Cu(II) samples three-dimensional CBCACO and two-dimensional CCCO (41) experiments were also performed. The experiments enabled transfer of assignments for all 89 residues. The carrier frequencies were placed at 175.0 and 54.0 ppm for CЈ and C␣, respectively, at 120.0 ppm for 15 N and at 4.0 ppm for 1 H. Composite pulse decoupling was applied during acquisition and during some of the elements of the pulse sequences with an rf field strength of 1.7 kHz for 1 H (waltz-16) (42) and 1.0 kHz for 15 N (garp-4) (43). The common parameters were: recycle delay of 1.2 s, spectral widths of 50 ppm for CЈ, 40 ppm for C␣, 80 ppm for C␣/C aliphatic . For the two-dimensional experiments 1024 ϫ 256 data points in the direct and indirect acquisition dimensions, including the increments necessary for spin-state selection, were acquired. For the three-dimensional experiments 1024 ϫ 40 ϫ 256 data points were acquired. The number of scans ranged from 16 to 128, depending on experimental sensitivity. Among the different spin-state selection methods implemented for carbonyl direct detection, the IPAP (39) and the S 3 E (40) methods were applied to achieve virtual decoupling in the direct acquisition dimension. For each time increment in the indirect dimension two Free Induction Decays (FIDs) were separately acquired and stored. The two Free Induction Decays (FIDs) were then added and subtracted to separate the two multiplet components. These were then shifted to the center of the original multiplet (by J CЈC␣ /2 Hz) and again added to obtain a singlet. The data were acquired and processed with the standard Bruker software TopSpin 1.3. The CSP for the 13 C-detected CBCACO spectrum represents the sum of absolute values of chemical shift differences in ppm for CЈ, C␣, and C␤ resonances. Chemical shift indices for 13 C (44) were generated using the software CcpNmr Analysis (45) .
Modeling of the Putative Cu(II) Coordination Sphere-The structural model for the Cu(II)-bound ACD dimer of ␣B was obtained by molecular dynamics simulation, and energy minimization was performed with CNS 1.2 (46) . Initial atomic coordinates for residues 66 -150 were taken from Protein Data Bank entry 2WJ7 (13) . Tetrahedral coordination geometry of Cu(II) with N⑀2 of His 83 , His 104 , and His 111 and O␦1 of Asp 109 (monodentate) was constrained according to Harding (47) and included in the PARALLHDG force field (48) . Correspondingly, the bond distances were constrained to 2.02 Å (Cu(II)-N⑀2) and 1.99 Å (Cu(II)-O␦1), respectively. The bond angles for N⑀2-Cu(II)-N⑀2 and N⑀2-Cu(II)-O␦1 were constrained to 109.5°(tetrahedral) and for C␥-O␦1-Cu(II) to 120°(monodentate Asp), respectively. The Cu(II) ion was fixed in the planes of the imidazole rings and the carboxylate moiety. All atoms, except for residues Val 81 to Ser 85 (␤3-␤4 loop) and Lys 103 to Phe 113 (␤5-␤6 ϩ 7 loop), were harmonically restrained to their initial coordinates. Hence, the large CSP observed for residues belonging to ␤2-␤3, indicating structural changes in this N-terminal region, were not taken into account. Additionally, torsion angle data base potential (49) was included for unrestrained regions. The program PyMOL 4 was used to generate figures of molecular structures.
RESULTS
Cu(II)-induced Increase of ␣B Hydrodynamic Diameter and
Polydispersity-Dynamic light scattering experiments were performed to evaluate the effects of Cu(II) on ␣B quaternary structure. Upon addition of Cu(II) the hydrodynamic diameter D h of ␣B particles increased from 14.7 Ϯ 0.2 nm to 19.0 Ϯ 0.5 nm. This observation is in agreement with earlier studies (26, 27) . Furthermore, the augmented size was accompanied by an increase of the polydispersity index Pd% from 32.9 Ϯ 0.9% to 36.5 Ϯ 1.8%, implying a more heterogeneous oligomer ensemble for Cu(II)-␣B. Zn(II) induced an even more pronounced increase of D h (21.2 Ϯ 0.3 nm) and Pd% (40.4 Ϯ 0.9%). By contrast, Ca(II) had no effect on D h (14.7 Ϯ 0.1 nm) and Pd% (31.7 Ϯ 0.7%) of ␣B. Auto-correlation functions, size distributions, and estimation of subunit stoichiometries are shown in the supplement (supplemental Fig. S1 ).
Modulation of ␣B Chaperone Activity Triggered by Cu(II)-
The increase of light scattering during heat-induced aggregation of bovine ␤ L at 60°C was used to monitor the chaperone ability of human, full-length ␣B. ␤ L aggregation reached a plateau after 30 min in the absence of ␣B and Cu(II) (Fig. 2) . Addition of the chaperone reduced protein aggregation in a concentration-dependent manner. At an equimolar ratio of ␣B and ␤ L , the light-scattering intensity after 30 min was decreased to ϳ35% with respect to the reference experiment. In the presence of Cu(II), this level of protection was already reached at a 4-fold excess of ␤ L implying that the chaperone efficiency of ␣B was increased by the divalent metal ion (Fig. 2) . Higher concentrations of ␣B reduced ␤ L aggregation to ϳ20%.
Stoichiometry and Affinity of Cu(II) Binding-To study the stoichiometry and affinity of the interaction between ␣B and Cu(II), we performed ICP-MS and ITC measurements. In addition to full-length ␣B, we used a truncated protein construct, which comprises only the conserved ACD (residues Gly 64 -Val 152 ) with the point mutation N146D (15) . The resulting 10-kDa protein (␣B10m) is unable to oligomerize but forms stable dimers accessible for solution-state NMR.
ICP-MS experiments on full-length ␣B and the core domain ␣B10m revealed comparable Cu(II):protein stoichiometries of 1.18 Ϯ 0.12 and 1.13 Ϯ 0.12, respectively. Similarly, Zn(II) yielded stoichiometries of 1.03 Ϯ 0.10 and 0.79 Ϯ 0.08 for ␣B and ␣B10m, respectively. Apparently, both proteins sequester one metal ion per monomeric subunit.
In ITC experiments, ␣B10m revealed strong exothermic heat changes upon injection of Cu(II) with extensive enthalpic contributions to the binding reaction (Fig. 3) . The derived dissociation constant K d is on the order of 31 ϫ 10 Ϫ12 M for ␣B10m (see "Experimental Procedures"). Picomolar range affinity was already reported for full-length ␣B with a K d of 11 ϫ 10 Ϫ12 M and a stoichiometry, N, of 1.30 Ϯ 0.02 (26) . The ITC-derived stoichiometry for ␣B10m of 1.03 Ϯ 0.01 is in agreement with the ICP-MS data and demonstrates that one Cu(II) ion is bound per ACD monomer. The isolated ACD is therefore sufficient to coordinate Cu(II). This result legitimates solution-state NMR binding studies on the truncated construct ␣B10m.
Structural Investigations on Full-length ␣B Multimers-To monitor the effects of Cu(II) on ␣B multimers, we performed MAS NMR experiments employing the FROSTY (freezing rotational diffusion of protein solutions at low temperature and high viscosity) approach (29) . In contrast to conventional solidstate MAS NMR, the protein was not precipitated but investigated in solution (see "Experimental Procedures"). We recorded PDSD (proton-driven spin diffusion) spectra of apoand Cu(II)-␣B (see supplemental Fig. S2A for full spectra). Resolved correlations of residues Asp 109 , Gly 112 , and Ile 114 disappeared in the presence of paramagnetic Cu(II) (Fig. 4, A-C) . These residues are located at the AP interface of the ACD dimer. The resonances of Met 68 (␤2-␤3 loop) revealed distinct CSPs for Cu(II)-␣B (Fig. 4D) . Binding of Cu(II) also affected the resonances of Leu 89 (␤3-␤4 loop) and Ala 57 (N-terminal domain) (Fig. 4, E and F) . The perturbations involving Ala 57 and Met 68 indicate structural changes at the N-terminal domain upon Cu(II) binding. These effects were also observed in the presence of diamagnetic Zn(II) (supplemental Fig. S2B) .
Structural Investigations on the Dimeric ␣B10m-The ICP-MS and ITC results demonstrate that the ACD is sufficient to coordinate Cu(II). We therefore focus now on ␣B10m to refine the Cu(II) binding site.
The 1 H-15 N HSQC (heteronuclear single-quantum coherence) spectrum of apo-␣B10m is well dispersed implicating a structured and folded ␣B core domain (supplemental Fig. S3A ). Addition of paramagnetic Cu(II) causes tremendous changes in the ). Only marginal differences occurred for residues located in strands ␤4, ␤8, and ␤9 at the outer edges of the ACD Fig. S4A ). It is noteworthy that these regions constitute the AP interface and the adjacent shared groove. The same result is obtained when side-chain reporters like methyl groups are monitored (supplemental Fig. S3B) .
1 H nuclei are highly sensitive to paramagnetic relaxation enhancement. Paramagnetic relaxation enhancement is induced by the unpaired electron of Cu(II) and depends on the square of the gyromagnetic ratio ␥ of the NMR-observed nucleus (50) . Hence, bleaching of resonances occurs in a sphere of 12-Å radius around the Cu(II) ion for 1 H-detected experiments. This sphere contracts to ϳ6 Å employing 13 C direct detection (51) . To further restrict the potential binding region of Cu(II), we performed 13 C direct detected experiments. Supplemental Fig. S5 shows the CBCACO spectrum of apo␣B10m. The addition of Cu(II) induced the disappearance of resonances as well as significant CSP. As expected, paramagnetic quenching of 13 C resonances was less pronounced, and 75% of all residues were still detectable. (Fig. 6A, bottom panel and supplemental Fig. S4A) (Fig. 6B ). Molecular dynamics simulations show that these residues can accommodate a Cu(II) ion with metal-ligand distances of ϳ2 Å and with tetrahedral geometry (Fig. 6C) .
The CSPs for C␣, C␤, and CЈ atoms are plotted for each residue in the bottom panel of Fig. 6A . Again, the most intense CSP occurred at the N-terminal ␤2-␤3 region of ␣B10m, including residues Arg 69 -Ser 76 . Several residues at the end of strand ␤5 (Gly 102 -Lys 103 ) and within the ␤5-␤6 ϩ 7 loop (Glu 106 -Gln 108 ) were perturbed in the presence of Cu(II) as well. The strongest effect though was observed for the loop residue Phe 84 (␤3-␤4 loop). Careful examination of the sidechain carbonyl correlations in the CBCACO spectrum revealed explicit CSP for residues Glu 88 and Gln 108 as parts of the ␤3-␤4 loop and ␤5-␤6 ϩ 7 loop, respectively (supplemental Fig. S5 ). The data suggest structural reorganization of these loops during incorporation of Cu(II). 13 C chemical shifts provide information on protein secondary structure (44) . Chemical shift indices for apo-␣B10m are in good agreement with the ACD crystal structure of ␣B except for the short strand ␤2 (disordered for three of five monomers in the asymmetric unit (13)). NMR predicts random-coil conformation for this region. Cu(II)-induced changes in secondary structure were restricted to the N-terminal stretch Met 68 -Glu 71 revealing ␤-strand conformation (Fig. 6A and supplemental Fig. S6 ).
Asp 109 is involved in the intermolecular salt-bridge with Arg 120 and thus contributes significantly to dimer stability (two salt bridges per AP interface). Given the important role of Asp 109 , we investigated the respective point mutant D109A by NMR spectroscopy. ␣B10m-D109A completely lost the capability to sequester Cu(II), reflected in the absence of paramagnetic quenching and CSP during Cu(II) titration (Fig. 5B and  supplemental Fig. S7B ). Strikingly, the 1 H- 15 N HSQC spectrum of apo-␣B10m-D109A shows a pattern that is comparable to the spectrum obtained for Cu(II)-␣B10m (supplemental Fig. S7D) . Apart from that, the mutation D109A causes structural heterogeneity, which is manifested in increased line widths and multiple sets of resonances, e.g. for the side-chain amide of Gln 108 (␤5-␤6 ϩ 7 loop) (supplemental Fig. S7C ). This indicates diverse conformational states for this loop residue. By contrast, when Arg 120 as the salt-bridge partner of Asp 109 is replaced by glycine, Cu(II)-binding competence is not impaired. The ACD variant ␣B10m-R120G revealed the characteristic wild-type CSP pattern upon addition of Cu(II) (Fig. 5C and supplemental Fig. S7E ). 15 N T 1 /T 2 ratios obtained for apo-␣B10m at different protein concentrations and for Cu(II)-␣B10m yield information on the rotational correlation time c and thus on the multimeric state of the proteins. The theoretical tumbling correlation time c,theo at 22°C is on the order of 8 ns and 15 ns for the monomeric and dimeric states, respectively (see "Experimental Procedures"). At a monomer concentration of 1 mM, c amounted to 18.9 ns. The correlation time at a monomer concentration of 4 mM increased to 22.6 ns implying a tendency to form higher oligomers as already reported (15) . By contrast, in the presence of Cu(II) the rotational diffusion of 1 mM ␣B10m was accelerated significantly yielding a c of 13.9 ns. This decrease relative to the apo-form indicates that Cu(II) does not provoke association of ␣B10m dimers. Cu(II), by contrast, seems to induce partial dissociation of the dimeric state. Titration of ␣B10m with diamagnetic Zn(II) revealed a much weaker interaction and the extinction of resonances belonging to interfacial residues (supplemental Fig. S7A ). The disappearance of signals in the spectra of Cu(II)-␣B10m is therefore due to both paramagnetic broadening and chemical exchange at the AP interface.
To follow monomer-dimer exchange processes at the AP interface, we analyzed the signal intensities of the (60, 61) . The dual role of strand ␤3 and the subsequent loop for client and metal ion sequestration is supported by the fact that ␣B loaded with the substrate protein ␥-crystallin is impaired in Cu(II) and Zn(II) binding (62) . Intriguingly, residues Phe 75 -Lys 82 (␤3 strand) were also found to be involved in intermolecular interactions between subunits and thus to maintain the oligomeric network (28) . A recent structural model of ␣B multimers based on solid-state NMR, small-angle x-ray scattering, and electron microscopy data proposes a 24-mer as the fundamental, though transient, oligomeric state ( Fig. 7A) (16 -18) . According to this model, strand ␤2 (Trp 60 -Thr 63 ) is either unoccupied (␤2 free ) or hydrogen-bonded to strand ␤3 of its own ACD (␤2 intra ). Additional dimeric building blocks, which can be accommodated in the 24-mer scaffold, show intermolecular ␤2-␤3 contacts in a 28-mer model (␤2 inter ) (18) . Hence, Met 68 (␤2-␤3 loop) exists in diverse conformational states and is involved in the intermolecular assembly (15, 18 The interfacial strand ␤6 ϩ 7 and the proximal strand ␤3 are multifunctional elements in the core of the ␣B ACD dimer. They represent candidate binding sites for client proteins, maintain the stability of the dimeric building block, and contribute to its organization in multimer assembly. Our data provide evidence that Cu(II) intervenes in these processes by recruiting its ligands from the ␤3-␤4 loop and the ␤5-␤6 ϩ 7 loop. We propose a model in which Cu(II) affects dynamics of the dimeric substructure and, in a relayed manner, of the native ␣B oligomer (Fig. 7B) .
Consequently, the metal ion modulates ␣B morphology and plasticity as reflected in the augmented size and increased heterogeneity of Cu(II)-␣B oligomers. It was shown by mass spec- trometry that the polydispersity of pea HSP18.1 mainly originates from intrinsic quaternary dynamics and that this plasticity confers the ability to adapt to a diverse range of client proteins (63) . In the case of HSP18.1, quaternary dynamics are temperature-regulated. In addition to post-translational modifications or changes of pH (21, 64, 65) , the divalent metal ion Cu(II) emerges as a further factor regulating ␣B chaperone function. Indeed, we observe Cu(II)-enhanced chaperone activity for ␣B with respect to the amorphous aggregation of lensspecific ␤ L . By contrast, Cu(II) had no effect on the chaperone ability of ␣B in case of heat-induced aggregation of citrate synthase (26) . On the other hand, Cu(II) yielded an enhancement of ␣B chaperone efficiency regarding the aggregation of insulin (23) . ␣B provides variable substrate binding sites (58) . Apparently, chaperone function of ␣B and the role of Cu(II) therein are substrate-dependent and a function of the accessibility to the respective binding site.
␣B functions as a molecular chaperone in many human tissues, prevents the harmful aggregation of a diverse range of proteins, and thus contributes significantly to stress tolerance of the cell (1, 4, 7) . Its involvement in various pathologies like Alzheimer disease, Parkinson disease, cancer, and cataract highlights the essential role of ␣B as a key player for cellular viability (2, 5) . Oxidative stress and free radical damage are typical hallmarks of the above-mentioned pathologies (66 -68) . Due to its chemistry, the transition metal ion Cu(II) can contribute tremendously to the formation of reactive oxygen species and hence ultimately to the progression of diseases and aging (69) . Lifelong exposure to high energetic irradiation renders particularly the eye lens susceptible to free radical damage. Augmented expression levels of ␣B are reported for tissues being subject to high oxidative stress as well as for lens epithelial cells confronted with heavy metal ions like Cu(II) (6, 70) . The cytoprotective role of ␣B might arise not merely from its chaperoning competence but, likewise, from its capability to sequester the toxic metal ion Cu(II). Given its high expression levels under stress conditions, ␣B might compete with other Cu(II)-binding proteins such as the Alzheimer disease ␤-amyloid peptide, which has a similar affinity to Cu(II) (71) .
Further structural investigations must elucidate the impact of Cu(II) on the chaperone mechanism of ␣B. The physiological relevance and the consequences of this strong interaction need to be explored further to better understand the role of ␣B in copper homeostasis and oxidative stress resistance.
